Deletions and reciprocal triplications of the human chromosomal 15q11-13 region cause two distinct neurodevelopmental disorders. Maternally-derived deletions or inactivating mutations of UBE3A, a 15q11-13 gene expressed exclusively from the maternal allele in neurons, cause Angelman syndrome, characterized by intellectual disability, motor deficits, seizures, and a characteristic increased social smiling, laughing, and eye contact. Conversely, maternally-derived triplications of 15q11-13 cause a behavioral disorder on the autism spectrum with clinical features that include decreased sociability that we recently reconstituted in mice with Ube3a alone. Based on the unique sociability features reported in Angelman syndrome and the repressed sociability observed when Ube3a gene dosage is increased, we hypothesized that mice with neuronal UBE3A loss that models Angelman syndrome would display evidence of hypersocial behavior. We report that mice with maternally-inherited Ube3a gene deletion (Ube3a mKO ) have a prolonged preference for, and interaction with, social stimuli in the three chamber social approach task. By contrast, interactions with a novel object are reduced. Further, ultrasonic vocalizations and physical contacts are increased in male and female Ube3a mKO mice paired with an unfamiliar genotype-matched female. Single housing wild type mice increased these same social behavior parameters to levels observed in Ube3a mKO mice where this effect was partially occluded. These results indicate sociability is repressed by social experience and the endogenous levels of UBE3A protein and suggest some social behavioral features observed in Angelman syndrome may reflect an increased social motivation.
Introduction
Maternal deletions or loss-of-function mutations of the human gene UBE3A, located within the 15q11-13 chromosomal region, cause Angelman syndrome (AS), which is characterized by motor deficits, intellectual disability, and seizures (Matsuura et al., 1997; Kishino T. et al., 1997) . Individuals with AS fall in the autism spectrum due to their repetitive-restrictive interests and profound language deficits (Peters et al., 2004a, b; Bonati et al., 2007; Moss et al., 2013) . However, they also display a characteristic increase of smiling and laughter, increased proactive social contacts, and an amiable and gregarious personality, suggesting potentially hypersocial behaviors, opposite to those found in autism (Williams et al., 2006; Walz, 2007; Pelc et al., 2008; Adams et al., 2011; Heald et al., 2013) .
Loss of maternal UBE3A, as found in Angelman syndrome, has previously been modeled in mice (Jiang et al., 1998; Miura et al., 2002) . Mice with maternal Ube3a deletions (Ube3a mKO ) share several phenotypic characteristics with individuals with AS including decreased motor coordination, susceptibility to audiogenic seizures, and impaired learning and memory (Jiang et al., 1998) . The penetrance of these behavioral phenotypes varies with genetic background and age (Huang et al., 2013) . While aspects of the motor and intellectual deficits and the epilepsy observed in AS have been modeled in Ube3a mKO mice (Jiang et al., 1998) , behavioral features reflecting the distinct social phenotypes have not been reported. Ube3a mRNA and protein are increased by neuronal activity in vitro and by exposure to environmental enrichment in vivo (Greer et al., 2010) . In addition, early exposure to an enriched environment corrects several non-social behavioral phenotypes in Ube3a mKO animals (Jamal et al., 2016) . There is also evidence that prolonged single housing increases expression of Ube3a1 (but not 2 or 3) transcript with a unique 3′ UTR and encoding a truncated Ube3a protein lacking catalytic activity in rat brain (Valluy et al., 2015) . Here we investigate the roll of Ube3a in experience-dependent regulation of social behaviors. We report that the duration of social interactions is prolonged and the paired ultrasonic vocalizations and physical contacts measured during exposure to a novel mouse are increased when the maternally-inherited Ube3a allele is deleted in mice to model the genetic defect found in Angelman Experimental Neurology 293 (2017) 137-143 syndrome. Loss of maternal Ube3a also largely blocks the suppressive effects of social experience on subsequent social behavior.
Materials and methods

Mice
Ube3a mKO mice (JAXS, B6.129S7-Ube3a tm2Alb /J) were backcrossed to FVB for 10 generations. Females positive for the deletion (unaffected mothers) inherited from their male parent were bred to wild-type males to produce mice designated p-Ube3a-mKO and their wild-type littermates. Females positive for the deletion (AS affected mothers) inherited from their female parent were bred to wild-type males to produce mice designated m-Ube3a-mKO and their wild-type littermate mice. Mice were housed in same-sex groups of ≤5 under standard laboratory conditions. Lights were on from 7 am to 7 pm and ad libitum food and water were available. Three chamber social approach, rotorod, and novel object tests were performed between 9 am and 5 pm. Paired ultrasonic vocalizations were recorded between 9 am and 12 pm. The testing arenas were cleaned with Clidox-S spray in between each mouse. Mice were given 1 h of acclimation to the testing environment prior to behavioral measurements. Prior to testing, mice were preconditioned to the experimenter by handling. All of the following tests were performed on breeding age female (6-13 weeks old) and male (8-13 weeks old) mice.
Testing order
Unique cohorts of mice were measured in multiple behavioral assays in the following orders. Female p-Ube3a-mKO mice: 1. three chamber social approach, 2. female-female paired ultrasonic vocalizations, 3. novel object preference, and 4. rotorod. Female m-Ube3a-mKO mice: 1. three chamber social approach, 2. female-female paired ultrasonic vocalizations, and 3. rotorod. Male p-Ube3a-mKO mice: 1. three chamber social approach, and 2. male-female ultrasonic vocalizations. The effects of social experience on three chamber social approach and paired ultrasonic vocalizations were measured in two unique cohorts of female mUbe3a-mKO and wild-type littermate mice. For female p-Ube3a-mKO mice, the same cohorts were used to assess the effects of social experience on three chamber social approach and then, after a one week group housed period, the effects of social experience on paired ultrasonic vocalizations were measured.
Social approach test
Mice were placed in a clear acrylic box (50 × 100 cm) containing dividers with small (10 × 10 cm) doors to create a three-chambered enclosure. An overhead camera recorded activity and Ethovision software (Noldus) tracked mouse movement. Two small metal enclosures (inverted pencil holders, Office Depot) were placed in opposite corners of the arena and an Erlenmeyer flask filled with water was placed upon them to prevent mice from climbing to the top of the chamber. Test mice (wild type, p-Ube3a-mKO, or m-Ube3a-mKO) naïve to the arena were allowed to explore for 5 min and then removed to a holding cage. A novel sex-and age-matched non-littermate wildtype mouse was placed in one of the two small enclosures. The location of the novel mouse was alternated to control for any innate side preference. These probe mice were habituated to the small enclosures in 1 h sessions two a day for two days prior to testing. The test mouse was then returned to the cage and allowed to free-roam for two consecutive five minute trials while movements and the time spent in each third of the enclosure were automatically scored by Ethovision and the time sniffing the chambers was scored by a trained observer blind to genotype. The arena was evenly lit by an overhead fluorescent light source.
Rotorod
Motor function of p-Ube3a-mKO, m-Ube3a-mKO, and control wildtype littermate mice were tested using the rotarod (Ugo Basile A-Rod for mice). Each experiment was performed during the light phase inside a fume hood with an overhead fluorescent light. Mice were given two trials per day with a 60 min inter trial interval for 4 consecutive days. On each day we calculated the average time spent on the rotarod or the time until the mouse made three consecutive rotations on the rotarod. The duration of the trial was 5 min and the rod accelerated from 4 to 40 rpm. 10 mice per genotype were measured.
Social vocalizations
Female-Female Social Vocalization Test: Pairs of age-and genotypematched, non-littermate, female mice were studied. Male-Female Social Vocalization Test: A wild-type or p-Ube3a-mKO male and an unfamiliar, sexually mature, wild-type female were studied. Mice were placed simultaneously (to avoid resident-intruder aggression) into a small novel clean 25.4 cm circular plastic chamber at room temperature inside an unlit sound isolation box for 5 min. Vocalizations were recorded with a condenser ultrasound microphone (Avisoft-Bioacoustics CM16/ CMPA), an UltraSoundGate (Avisoft Bioacoustics 116Hb) and the Avisoft Recorder USGH software (Avisoft Bioacoustics). Avisoft-SASLab Pro software was used to quantify the number of vocalizations and the time spent vocalizing. The USV detection settings were: max frequency changes (3 pixels), frequency range limit (35-250 kHz), min whistle duration (10 ms), hold time (20 ms), min total duration (10 ms). Sampling rate is 250,000 Hz (at 976 Hz FFT size is 256 with 0% overlap). Simultaneous video recordings were made using a webcam mounted in the lid of the container. Physical interaction (direct contact) times were measured by a trained observer blinded to genotype.
Novel object
Mice were placed in a large (50 × 50 cm) open field lit from above by a fluorescent ceiling light and allowed to explore for 10 min. An overhead camera recorded activity and Ethovision (Noldus) was used to track mouse movement. Mobility in the open field was scored by the software. After 10 min a novel object (colored bottle cap) was placed into the open field near one corner and the time the mouse spend interacting with the object was scored by an observer blind to genotype for 5 min.
Statistical analysis
Multiple groups were compared by 2-way ANOVA with the Bonferroni post-test. Three chamber data was analyzed by a repeated measure 2-way ANOVA with the Bonferroni post-test. Ultrasonic vocalization and physical interaction data were analyzed using a two-tailed unpaired Student's t-test. Single groups were compared by 1-way ANOVA with the Bonferroni post-test.
Results
Prolonged social interest in Angelman syndrome mice in the three chamber social task
The three chamber social approach test was used to evaluate for a social preference in mice (Nadler et al., 2004) . We evaluated adult female mice generated by breeding females positive for the deletion inherited from their male parent (unaffected mothers) bred to wildtype males to produce wild-type and p-Ube3a-mKO mice. A separate cohort, generated by breeding females positive for the deletion inherited from their female parent (AS mothers) to wild-type males to produce wild-type and m-Ube3a-mKO mice was also examined using this behavioral task.
There was no main effect of genotype or chamber during acclimation trials ( Supplementary Fig. 1b and d) . The time sniffing, measured by a blinded observer scoring time spent physically investigating the social and opposite chamber, and the time in zone, measured by automated mouse localization software, were calculated. Female wild-type, pUbe3a-mKO, and m-Ube3a-mKO each displayed a significant social preference during the first 5 min of the social trial for both sniffing and time in zone (Fig. 1a-d ) (Sniffing Times: WT, t = 4.341, p b 0.001; p-Ube3a-mKO, t = 5.161, p b 0.001; WT, t = 3.181, p b 0.01; m-Ube3a-mKO, t = 4.686, p b 0.001; Zone Times: WT, t = 3.259, p b 0.01; p-Ube3a-mKO, t = 4.466, p b 0.001; WT, t = 3.897, p b 0.001; m-Ube3a-mKO, t = 5.008, p b 0.001). During the second 5 min of the social trial, measured immediately following the first five minute trial, social preference was lost in wild-type but retained in p-Ube3a-mKO and m-Ube3a-mKO mice (Fig. 1a-d There were no differences in the distance moved during the first and second five minute periods of the social trial within genotype although p-Ube3a-mKO and m-Ube3a-mKO mice were less mobile than wild type animals during each testing period ( Supplementary Fig. 1a and c). Male wild type mice displayed a strong trend for sociability in the first five minutes period of the social trial that was lost during the second five minute period, while male p-Ube3a-mKO mice displayed a significant social preference during the first 5 min and a trend towards a social preference during second 5 min ( Supplementary Fig. 2a-d) . Prior studies of sociability in the three chamber task in Ube3a mKO mice (Allensworth et al., 2011; Huang et al., 2013) failed to report increased sociability. These groups examined Ube3a mKO mice on the C57BL/6 genetic background and reported the data as a single 10 minutes trial. Our results suggest p-Ube3a-mKO and m-Ube3a-mKO female mice have a prolonged social interest, persisting during a time when social interest is lost in wild type littermates.
Increased social vocalizations and physical contacts in Angelman syndrome mice
Female mice emit ultrasonic vocalizations (USVs) when paired with an unfamiliar female mouse (Maggio and Whitney, 1985) . We have used these conspecific pairing-induced USVs as an assay to reveal impaired social vocalization in the mouse models of autism spectrum disorder with increased Ube3a gene copies (Smith et al., 2011) . During a five minutes trial period, pairs of female p-Ube3a-mKO mice emitted more USVs for a longer duration (Fig. 2a,b) (t = 4.304, p b 0.001; t = 4.534, p b 0.001) and spent more time physically interacting without a change in the number of contacts (Fig. 2c,d) Male mice emit USVs when they encounter a stranger female conspecific (Wang et al., 2008) . During a five minutes trial period, male p-Ube3a-mKO mice emitted more USVs that were longer in total duration (Supplemental Fig. 2e and f) when paired with a wild-type stranger female than did littermate wild type male mice. Male mUbe3a-mKO also displayed elevated USV output for a longer duration (Supplemental Fig. 2g and h) when paired with a wild-type stranger female than did their littermate wild-type male mice. These results suggest that Ube3a-mKO male and female mice have increased social vocal and direct physical interactions compared to wild-type littermates.
Reduced novel object exploration in Angelman syndrome mice
The increased social interactions and vocalizations found in Ube3a-mKO mice could reflect an increased response to novel stimuli whether social or non-social. To test for this possibility, we measured novel object exploration. p-Ube3a-mKO showed a longer latency to approach and a reduced time and fewer episodes investigating a novel object (Fig. 3a-c) (t = 2.318, p b 0.05; t = 3.106, p b 0.01; t = 3.434, p b 0.01). As observed in the three chamber task, p-Ube3a-mKO mice moved shorter distances during the open field trial than wild type littermates (Fig. 3d) (t = 10.55, p b 0.001). These results suggest Ube3a-mKO mice have a reduced interest in novel object exploration despite their increased interest in a novel conspecific.
Impaired performance in the rotorod task by Angelman syndrome mice
We tested the performance of the p-Ube3a-mKO and m-Ube3a-mKO mice back-crossed into FVB/NJ on the rotorod test to ensure they retain the previously described motor deficit (Jiang et al., 1998) . Both p-Ube3a-mKO and m-Ube3a-mKO mouse cohorts displayed rotorod deficits with a main effect for both genotype and day (Fig. 3e,f) 
Group housing decreases social interactions in the three chamber social approach task an effect blocked in Angelman syndrome mice
To directly compare these effects of neuronal UBE3A loss to the effects of single housing we measured social preference and interaction in the three chamber social approach task. All animals were grouphoused five per cage from weaning. We examined the impact of single housing for 6 days. Like the effects of neuronal UBE3A loss, single housing in wild-type mice prolonged the time in the social zone during the second five minutes trial period (Fig. 4a-b ) (Time in Zone: WT, t = 3.019, p b 0.05; WT, t = 2.822, p b 0.05). This effect in wild-type mice was largely occluded in p-Ube3a-mKO or m-Ube3a-mKO mice as single housing did not further increase the time these latter mice spent in the social zone (Time in Zone: p-Ube3a-mKO, t = 6.521, p b 0.001; mUbe3a-mKO, t = 3.243, p b 0.01). Returning mice to a grouped housed setting for 24 h eliminated the social zone preferences during the second 5 min in wild-type mice, but had no significant impact in pUbe3a-mKO or m-Ube3a-mKO mice (Fig. 4a-d ) (Time in Zone: WT, t = 0.07811, p N 0.05, p-Ube3a-mKO, t = 3.598, p b 0.01; WT, t = 1.179, p N 0.05; m-Ube3a-mKO, t = 5.974, p b 0.001). These results suggest that deleting the maternal Ube3a allele blocks the group housing-induced loss of sociability in three chamber sociability during the second five minutes trial.
Group housing decreases social vocalizations an effect attenuated in Angelman syndrome mice.
We next compared the effects of neuronal UBE3A loss to the effects of group vs. single housing on the ultrasonic vocalizations that occur when genotype-matched female conspecifics are paired. In this second cohort, social vocalizations were again increased in p-Ube3a-mKO and m-Ube3a-mKO female mice relative to wild-type littermates (Fig. 5a c) (Grouped, t = 2.733, p b 0.05; Grouped, t = 3.210, p b 0.05). When these mice were single-houses for 24 h, the social vocalizations were increased during the five minute pairing in wild-type mice and the difference across genotypes was lost (Isolated Day 2, t = 0.8267, p N 0.05; Isolated Day 2, t = 0.8780, p N 0.05). This finding suggests the social experiences of group housing strongly repress the social vocalization response in wild-type mice, whereas this effect is markedly attenuated in p-Ube3a-mKO and m-Ube3a-mKO mice. By contrast, the deprivation of social experiences through single housing strongly increased social vocalizations in wild-type mice, but only minimally increased the already high level of social vocalizations in p-Ube3a-mKO and mUbe3a-mKO mice. The mice were then regrouped back into their original home cages with 5 mice per cage for 24 h and retested. The 24 hours group housing social experience restored the lower social behavior in wild-types, but again minimally repressed social behavior in Ube3a-mKOs (Regrouped Day 3, t = 2.834, p b 0.05; Regrouped Day 3, t = 2.696, p b 0.05). To assess the effects of longer periods of social deprivation, p-Ube3a-mKO, m-Ube3a-mKO, and wild-type littermates were single housed for 6 days and then briefly paired to test social behavior. Wild type mice displayed a strongly increased social vocalization response (Isolated Day 9, t = 0.7564, p N 0.05; Isolated Day 9, t = 1.977, p N 0.05) while Ube3a-mKO mice showed only a modest, but nonsignificant increase in social vocalizations. Regrouping for 24 h again completely suppressed the increase in social vocalizations in wild-type mice (Regrouped Day 10, t = 3.583, p b 0.05; Regrouped Day 10, t = 2.850, p b 0.05). These results suggest Ube3a may contribute to the process whereby social experiences repress social behavior.
Discussion
We report that mice with maternally-inherited deletions of Ube3a that models Angelman syndrome show an increased social preference/ interaction duration in the three chamber approach task and an increased number of ultrasonic vocalizations and physical interactions when exposed to a novel female social stimulus. Yet these same mice show a reduced exploration of a novel object.
We chose to measure social behavior in Ube3a mKO mice backcrossed into the FVB/NJ genetic background for several reasons. First, compared with other genetic backgrounds, FVB/NJ mice emit robust paired vocalizations when adult stranger females are paired and when a male is paired with a novel female (Smith et al., 2011) . Second, the FVB/NJ has a strong social preference in the three chamber social approach test (Moy et al., 2007) . Third, female FVB/NJ mice produce large average litter sizes and are good mothers. Fourth, our previous studies of the Ube3a2x mouse model of 15q11.2-13 triplication used the FVB/NJ genetic background allowing us to make a direct comparison of the effects of Ube3a loss that results in hypersociability to the effects of increased dosage of Ube3a that abolishes three chamber social approach/interaction and strongly decreases social vocalizations (Smith et al., 2011) . These results suggest that reciprocal changes in Ube3a gene dosage (as in AS and 15q11-13 autism) lead to reciprocal changes in social behaviors. Several other reciprocal gene dosage disorders have been identified including MeCP2, 16p11.2, and 7q11.23-Williams Syndrome locus (Riby and Hancock, 2008; Weiss et al., 2008; Ramocki et al., 2009; Sanders et al., 2011) . This pattern of bidirectional changes in gene dosage causing bidirectional changes in social behavior suggests a similar effect might be found in other behavioral domains and for other genes. The findings also suggest that achieving optimal behavioral performance may require precise control of gene expression levels. Our data supports a model where the endogenous baseline dosage of UBE3A actively represses social behavior and this effect may depend on the recent history of social experience. Previous studies of Ube3a mKO mice examined social behavior in the C57BL/6 genetic background and concluded that three chamber social approach is unaltered. These studies reported three chamber social approach during a single ten minutes trial. By recording two consecutive five minutes periods during the social trial we have uncovered a previously unknown feature of the Ube3a mKO mouse: prolongation of sociability during a time when sociability is normally lost. Interestingly, humans with AS have a near total loss of language and yet still display increased smiling and laughing suggesting an increased social interest or motivation despite their impaired social skills. Pairs of Ube3a mKO mice also emitted elevated ultrasonic vocalizations during a novel social encounter. The findings suggest that a simple measure of paired USV number and duration is not suitable for investigating the language disorder found in Angleman syndrome. Our data show that neuronal loss of UBE3A leads to a prolonged interest in a social, but not to a novel non-social, stimulus. One potential explanation for this finding is the reciprocal changes in dopaminergic transmission in the striatum reported in Ube3a mKO mice. Dopamine release is repressed in the dorsal striatum and enhanced in the ventral striatum (Berrios et al., 2016) paralleling the reduced preference for a novel object and the increased preference for a social stimulus, respectively. An alternate interpretation is that the decreased mobility observed in Ube3a mKO mice somehow diminishes their ability or motivation to move away following an encounter with a novel stimulus. However, the decreased time spent interacting with a novel object argues that the ability to move away from a novel stimulus is intact and instead suggests UBE3A plays a role in regulating social motivation. Both male and female Ube3a mKO mice emitted more ultrasonic vocalizations when paired with a stranger female mouse. Interestingly, while female mice had a clear increase in social interaction in the second five minutes trial of the three chamber social approach test, male mice had only a trend for increased social approach duration. There were no sex differences in mobility that could explain this divergence. When male mice encounter a stranger male their interactions reflect both socialization and the establishment of dominance through aggression. Sex specific differences in the non-social aspects of the conspecific encounter in the three chamber social approach task may account for some of the difference observed between sexes and should be a focus of future studies.
The results of our manipulations of UBE3A and housing on sociability demonstrate that the amplitude of social preference is not static and can display a wide dynamic range under different genetic and environment conditions. Maternal Ube3a deletion increases sociability making them relatively resistant to the effects of group housing. Single housing wild type mice, by contrast, strongly increased their sociability, uncovering a strong intrinsic drive to socialize. These results also highlight the importance of carefully considering housing conditions when evaluating social behavior in rodent models of ASDs. 
Conclusion
In this study we demonstrate that Ube3a mKO mice have social behavioral features that may model some of the unusual social characteristics of individuals with Angelman syndrome. Both Ube3a-mKO mice display a prolonged social preference in the three chamber social approach task and increased vocalizations and physical interactions with a novel social stimulus. By contrast, these Angelman syndrome mice also showed reduced interest in exploring a novel object, dissociating the response to these two ethologically distinct stimuli. Wild-type mice exposed to brief periods of single housing display a prolonged social preference and increased ultrasonic vocalizations and physical interactions with a novel social stimulus resembling the effects of deleting maternal Ube3a. We suggest that UBE3A protein may be necessary for the repressive effects of social experience on subsequent social behavior and that the elevated sociability in mice and humans with maternal Ube3a deletion may reflect an enhanced social motivation. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.expneurol.2017.04.002.
